The magnetohydrodynamic (MHD) 
Introduction
As described by the magnetohydrodynamic (MHD) effect, voltages generated by blood flow in the body may be observed on the surface electrocardiogram (ECG) during cardiac magnetic resonance imaging (MRI) [1, 2] . The largest MHD voltage magnitude is observed orthogonal to the magnetic field lines and the direction of fluid flow. MHD voltages distort the ECG and result in triggering problems for MR image acquisition [3, 4] . In addition, these voltages are related to flow, so examination of the MHD effect can provide useful blood flow information.
The MHD voltage (V) may be described by a simplified equation, shown below:
where B is the magnetic flux density, u is the velocity of the fluid, and L is the distance vector between electrodes.
This simplified equation makes the assumption of a uniform velocity profile; however, the velocity of blood typically follows a parabolic profile.
The equations which completely describe these phenomena involve the coupling of Maxwell's equations and Navier-Stokes equations. Maxwell's equations may be formulated as Maxwell-Ampère's law (2), Faraday's law (3) , and the two forms of Gauss' law (4, 5) :
where H is the magnetic field intensity, J is the current density, D is the electric flux density, E is the electric field intensity, B is the magnetic flux density, and is the electric charge density [5] . Incompressible Navier-Stokes equations may be formulated as the momentum balance equation (6) and the equation of continuity (7) :
where is the density, u is the velocity field, is the dynamic viscosity, p is the pressure, and F is the volume force vector. Due to the complexity of these equations, finite element methods are typically used to numerically compute MHD voltages.
Methods

Model methods
Comsol Multiphysics TM modeling software (version 3.3a), which implements the finite element method to solve partial differential equations, was used to create a three-dimensional model of blood flow through a blood vessel. The model geometry consisted of a vessel with an inner radius of 1.0 cm and length of 3.0 cm, oriented along the x-axis of the 3D Cartesian coordinate axes. The blood vessel wall had a thickness of 2.2 mm, making the outer radius of the blood vessel equal to 1.22 cm. The vessel was surrounded by a cylindrical uniform volume conductor with a radius of 20 cm and length of 3.0 cm. A 3.0 Tesla static magnetic field was simulated to represent the large magnetic field generated by the MRI magnet. The magnetic field was oriented such that the magnetic field lines ran parallel to the z-axis.
Physiologically realistic values were used for the properties of blood, the blood vessel wall, and the uniform volume conductor, which are shown in Table 1 Table 1 : Model parameters for blood, blood vessel wall, and uniform volume conductor [6] .
A parabolic velocity profile was implemented, and the velocity varied over time to simulate pulsatile flow. The equation used for input velocity v is expressed as:
where R is the inner radius of the vessel, and the velocity of the fluid is in the x-direction.
Maxwell's equations, which quantify electromagnetics, and Navier-Stokes equations, which quantify fluid dynamics, were coupled to generate MHD voltages. The resulting MHD voltages were computed by the finite element method using an iterative solver (GMRES) and were modeled in 3D. The model was solved for 50 ms time steps from 0.0 to 1.0 seconds. The mesh used to compute the solution consisted of 2809 elements.
Experimental methods
The dimensions of the vessel and the properties of the blood were chosen to be similar to those in the segment of the aortic arch which is oriented in the sagittal direction, in order to compare the magnitudes of the MHD voltages computed by the model with experimentally acquired data from ECG during cardiac MRI. These data resulted from the subtraction of ECGs taken from outside the MRI magnet (undistorted by MHD) from ECGs taken from inside the magnet (distorted by MHD) from nine healthy subjects [7] . The resulting signal was identified as the MHD signal, since the difference between these two signals was the MHD voltage. In this experiment, the electrodes were oriented in the transverse direction (shown in Figure 2) , and subjects were oriented in the supine and prone positions, so MHD voltages resulted primarily from blood flow in the segment of the aortic arch oriented in the sagittal direction. The magnitude and duration of these MHD signals were quantified. Also in Figure 2 , the theoretical electrode locations to obtain the voltages measured in the model are indicated. 
Results
Model MHD voltages
The resulting model showed that the greatest magnitude voltages resulting from the MHD effect occurred orthogonal to the magnetic field lines and direction of fluid flow, as expected. In Figure 3 , these voltages are shown on the input face in the y-z plane for a series of time steps. The maximum voltage difference was observed in the y-direction, with a value of 31.2 mV when measured directly on the surface of the blood, 24.0 mV when measured on the blood vessel walls, and 3.04 mV when measured from the outer surface of the uniform volume conductor.
In addition, the MHD voltages varied as the velocity changed over time. Of the calculated time steps, the maximum MHD voltage occurred at t = 0.15 seconds with a value of 3.04 mV, and the minimum voltage occurred at t = 0.65 seconds with a value of -0.152 mV. The MHD voltages were zero at 0.0, 0.5, and 1.0 seconds. The MHD voltages observed from the outer radius of the uniform volume conductor on the input face are plotted vs. time in Figure 4 for all time steps from 0.0 to 1.0 seconds.
Comparison with experimental data
When compared with the experimentally obtained MHD signals, the amplitudes of the resulting signals differed by a single order of magnitude. Namely, the mean of the maximum MHD voltages observed from the experimental values was 0.2 mV, and the maximum from the model was 3.04 mV, as observed from the input face from the outer surface of the uniform volume conductor.
Discussion and conclusions
There are several reasons why the MHD voltage magnitudes obtained experimentally differ from those obtained from the model. First, the model geometry is very simplified. Second, the model is comprised of only the vessel and a uniform volume conductor, while there are many other structures which are present in the human between the heart and the surface, such as the lungs, ribs, etc. Third, the experimental ECG electrode placement differed from the theoretical electrode placement for the model. Future work will improve the accuracy of the geometry and include other anatomical structures in the model in order to produce more physiologically realistic MHD voltages, since a uniform volume conductor cannot adequately represent the physical characteristics of the different tissues which separate the heart from the body's surface.
For the experiment, blood flow from other vessels and the heart itself may also have contributed to the MHD voltages observed on the surface ECG; however, the most significant contribution of blood flow is from the aortic arch due to the velocity of blood, vessel diameter, and orientation of this vessel. Consequently, the model was chosen to have parameters similar to those in the sagittal segment of the aortic arch for comparison with the experimental data.
In conclusion, by modeling MHD voltages in 3D, we can quantify the distortion of the ECG during cardiac MRI, which may eventually lead to diagnostically useful ECGs as well as the capability to provide additional information about blood flow. 
